SAG12 is the most widely used senescence-associated reference gene for characterizing leaf senescence, and the increase in SAG12 protein during leaf senescence is remarkable. However, the role of this cysteine protease in N remobilization and the leaf senescence process remains unclear. The role of SAG12 has been poorly investigated and the few reports dealing with this are somewhat controversial. Indeed, sag12 Arabidopsis mutants have not shown any phenotype, while OsSAG12-1 and OsSAG12-2 overexpression in rice moderates senescence progression. Therefore, this study aims at clarifying the role of the SAG12 cysteine protease during the entire plant life span and during leaf senescence. Arabidopsis thaliana plants knocked-out for the SAG12 gene (sag12) did not exhibit any special phenotypic traits when grown under optimal nitrogen supply (HN), suggesting that other cysteine proteases could provide compensatory effects. Moreover, for the first time, this study shows that aspartate protease activity is significantly increased in sag12. Among the putative aspartate proteases involved, a CND41-like aspartate protease has been identified. Under low nitrogen (LN) availability, when inducible proteolytic systems are not sufficient to cope with SAG12 depletion, a decrease in yield is observed. Altogether, these results show that SAG12 (and perhaps also aspartate proteases) could be involved in RuBisCO degradation during the leaf senescence associated with seed filling.
SAG12 is the most widely used senescence-associated reference gene for characterizing leaf senescence, and the increase in SAG12 protein during leaf senescence is remarkable. However, the role of this cysteine protease in N remobilization and the leaf senescence process remains unclear. The role of SAG12 has been poorly investigated and the few reports dealing with this are somewhat controversial. Indeed, sag12 Arabidopsis mutants have not shown any phenotype, while OsSAG12-1 and OsSAG12-2 overexpression in rice moderates senescence progression. Therefore, this study aims at clarifying the role of the SAG12 cysteine protease during the entire plant life span and during leaf senescence. Arabidopsis thaliana plants knocked-out for the SAG12 gene (sag12) did not exhibit any special phenotypic traits when grown under optimal nitrogen supply (HN), suggesting that other cysteine proteases could provide compensatory effects. Moreover, for the first time, this study shows that aspartate protease activity is significantly increased in sag12. Among the putative aspartate proteases involved, a CND41-like aspartate protease has been identified. Under low nitrogen (LN) availability, when inducible proteolytic systems are not sufficient to cope with SAG12 depletion, a decrease in yield is observed. Altogether, these results show that SAG12 (and perhaps also aspartate proteases) could be involved in RuBisCO degradation during the leaf senescence associated with seed filling.
Introduction
With the exception of the Fabaceae, field crops are nitrogen-(N) demanding plants that require high levels of N input. Switching agriculture from a productive model to a sustainable one requires reduction in the use of N fertilizers. Crop productivity then becomes more dependent on efficient N remobilization from source to sink organs (Masclaux et al. 2000) .
In vegetative tissues, the main source of remobilized N originates from protein breakdown, which requires complex proteolytic processes to generate the amino acids and peptides that are recycled during senescence (Masclaux-Daubresse et al. 2008 , Gregersen et al. 2013 ). Senescence progression is controlled by numerous transcription factors and enzymes (Kusaba et al. 2013 ) that play a role at different steps in plant development and are also differentially controlled in response to biotic and abiotic environmental factors (Avice and Etienne 2014) . During leaf senescence, the degradation of cytoplasmic components and organelles is undertaken gradually, and chloroplasts, which contain >75% of the total N in leaves [50% in the form of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)], are the first organelles to be degraded (Hörtensteiner and Feller 2002) . Mitochondria and the nucleus remain active for longer, until cell death (Lim et al. 2007) , to enable the energy production required for catabolic reactions and gene expression. The senescence-associated genes (SAGs) induced during leaf senescence mainly consist of transporters and catabolic enzyme genes (Gan and Amasino 1997) . The hydrolases that have been identified are mostly proteases (Guo et al. 2004) belonging to five major classes: metalloproteases, threonine proteases of the proteasome, serine proteases, aspartic proteases and cysteine proteases (Roberts et al. 2012) . These protease families are found in several cellular compartments where they are known to have different substrates and roles during senescence (Roberts et al. 2012 , Diaz-Mendoza et al. 2016 .
Metalloproteases are widely represented in the plant genome (van der Hoorn 2008), but knowledge of their involvement in Plant Cell Physiol. 59(10): 2052 -2063 (2018 (Roberts et al. 2012) . Only three members of this family may play a role during senescence: (i) filamentation temperature-sensitive H (FtsH); (ii) the mitochondrial processing peptidases (MPPs); and (iii) the matrix metalloproteinases (MMPs) (Flinn 2008 , Desclos et al. 2009 ). While threonine proteases of the proteasome might participate in N remobilization during senescence (Avila-Ospina et al. 2014 , Girondé et al. 2016 , they are more likely to be involved in senescence-dependent regulatory pathways (Roberts et al. 2012) controlling, for example, oxidative stress (Lequeu et al. 2005) . Serine proteases that also represent a large family in plants (van der Hoorn 2008) might be involved in the degradation of RuBisCO and remobilizing N (Liu et al. 2008 , Roberts et al. 2012 . In rapeseed, a previous study has shown a positive relationship between effective proteolysis in leaves during senescence under N-limiting conditions and high serine protease activity (Girondé et al. 2016) .
Among the aspartate proteases (Schaller 2004 , van der Hoorn 2008 , several are also up-regulated during natural and N starvation-induced senescence in numerous plant species, but very little is known about their roles (Bhalerao et al. 2003 , Gregersen and Holm 2007 , Liu et al. 2008 , Desclos et al. 2009 ). Nevertheless, involvement of chloroplast nucleoid DNA-binding protein 41 (CND41) in RuBisCO degradation in vitro was demonstrated in Nicotiana tabacum (Kato et al. 2004 , Kato et al. 2005 , Diaz et al. 2008 . The increase in CND41-like protein that paralleled the decrease in RuBisCO during leaf senescence in Arabidopsis thaliana also suggested a similar feature (Diaz et al. 2008) .
The cysteine protease group is certainly the most widely represented protease superfamily during leaf senescence (Buchanan-Wollaston and Ainsworth 1996, Noh and Amasino 1999, Guo et al. 2004 ). As such, cysteine proteases could be major players in the process associated with N remobilization during leaf senescence. Because a correlation has been shown between cysteine protease expression and N remobilization associated with senescence, several cysteine protease families could indeed play a role in N remobilization, especially by degrading stromal proteins such as RuBisCO or chloroplastic glutamine synthetase in senescence-associated vacuoles (SAVs) (Martínez et al. 2008) , which are lytic vacuoles independent from the central vacuole (Otegui et al. 2005 ) and located in the peripheral cytoplasm of mesophyll and guard cells (Lohman et al. 1994 , Noh and Amasino 1999 , Otegui et al. 2005 . The SAG12 papain-like cysteine protease gene is the most widely used reference as a senescence-associated gene. Indeed, the increase in SAG12 in senescing leaves of oilseed rape during N remobilization is remarkable (Lohman et al. 1994 , Noh and Amasino 1999 , Guo et al. 2004 , Desclos et al. 2009 , Safavi-Rizi et al. 2018 , with the high SAG12 expression level being detectable until the final stages of leaf senescence (Gombert et al. 2006 , Desclos-Théveniau et al. 2015 . SAG12 protein has been localized in SAVs. It was suggested that SAG12 participates in RuBisCO breakdown as SAVs also contain RuBisCO proteins (Martínez et al. 2008 , Carrión et al. 2013 ). Due to its senescence-related pattern and its strong induction and presence in SAVs, many reports have proposed the crucial role of SAG12 cysteine protease in N remobilization during leaf senescence. Nevertheless, the few studies performed on sag12 mutants did not reveal any phenotypic traits and especially no differences in leaf senescence progression (Otegui et al. 2005 ). This could be explained by compensation of any defects in SAG12 protease activity via the induction of other proteases (Pružinská et al. 2017) . Accordingly, Otegui et al. (2005) demonstrated that the lack of SAG12 is not detrimental to SAV formation or for RuBisCO degradation. Finally, Singh et al. (2013) showed that OsSAG12-1 and OsSAG12-2, two homologs of SAG12 in rice, encode functional proteases that negatively regulate senescence-related cell death. These two works thus suggest opposite roles for SAG12 homologs in rice and in Arabidopsis.
All these studies highlight the ambiguous role of SAG12 during leaf senescence. In this context, our aim was to clarify SAG12 protease involvement in plant growth, leaf senescence and seed filling. To attain this goal, physiological and developmental traits were recorded to compare a sag12 mutant with the Col wild type. Protease activities were monitored to detect any backup effects. Both N standard and N deprivation conditions were used to force N remobilization and exacerbate the leaf senescence phenotype in order to facilitate phenotype emergence.
Results

SAG12 mutation did not affect plant biomass but did influence yield under nitrogen depletion
Plants were grown for 44 d under standard N conditions before transfer to low nitrogen (LN) supply. At 44 days after sowing (DAS), no significant difference was observed for the shoot (15.91 ± 0.1357 mg vs. 13.77 ± 0.5538 mg) and the root (3.41 ± 0.1327 mg vs. 2.97 ± 0.1233 mg) biomasses between Col and sag12 plants (Fig. 1) . At 64 DAS (vegetative stage) or at 125 DAS (reproductive stage), there was no difference between the shoot and root biomasses of Col and sag12, whatever the nitrogen supply conditions [high nitrogen (HN) or LN]. The differences in total biomass measured in both Col and sag12 when cultivated under HN or LN conditions (17-to 18-fold higher in HN than in LN) show that the N-limiting condition was correct (Fig. 1) .
The harvest indexes (i.e. the biomass of seeds produced per gram of plant) of Col and the sag12 mutant were not different under HN but were significantly lower under LN (0.163 ± 0.006 g for sag12 vs. 0.196 ± 0.007 g for Col; Fig. 2A) . A similar result was observed for the seed N content (Fig. 2B) . Consequently, the nitrogen harvest index (g of N in seeds per g of N in whole plants) of sag12 was lower relative to Col under LN but not under HN (Fig. 2C) . No difference between Col and sag12 could be observed in the thousand-seed weight, in the number of siliques (90.88 ± 9.64 and 118.22 ± 18.38 for Col and sag12, respectively) or the size of the siliques (12.49 ± 0.34 mm and 12.38 ± 0.22 mm for Col and sag12, respectively), irrespective of the N conditions (Fig. 2D) . Consequently, these data suggest that the slight decrease in harvest index in sag12 compared with Col observed under LN was due to a relative decrease in the number of seeds per silique rather than seed filling.
Further, phenotypic and biochemical analyses were only performed on plants at 64 DAS, i.e. when plants had undergone the transfer to LN conditions (or not) and still showed green tissues (which was no longer the case at 125 DAS). The choice of this time point was also justified regarding the high SAG12 expression level and SAG12 protein content measured in Col at 64 DAS, under both LN and HN ( Supplementary Fig. S1 ).
Leaf area and leaf senescence are not different in Col and the sag12 mutant Under HN conditions, the total leaf area was similar in Col and sag12 plants (87.6 ± 8.8 cm 2 vs. 84.9 ± 8.8 cm 2
). There was no difference in the number of leaves (data not shown) between Col and sag12, and the total green area (81.0 ± 6.91 cm 2 and 77.2 ± 6.88 cm 2 ) and senescent area (6.6 ± 1.93 cm 2 and 7.6 ± 1.88 cm 2 ) were not significantly different. Interestingly, the leaf rank that showed at least 50% senescence (by area) was the same (leaf number 6) for Col and sag12, indicating that the spatial progression of senescence was similar between the two genotypes ( Fig. 3A, B )
Under LN conditions, and regardless of the genotype, the total leaf and senescent leaf areas were about 3.95-fold lower and 2.64-fold higher than in HN conditions, respectively. Col and sag12 showed no significant difference for any of the traits measured, such as green leaf area (3.15 ± 1.25 cm 2 for Col vs. 2.66 ± 1.02 cm 2 for sag12), senescent leaf area (16.5 ± 3.98 cm 2 for Col vs. 21.1 ± 4.05 cm 2 for sag12) and spatial senescence progression (the last leaf rank with a 50% senescent area was the 29th for both Col and sag12) (Fig. 3B , C).
Aspartic protease activity is greatly increased in the sag12 mutant under HN
The global protease activity at pH 5.5, which is the optimum pH for SAG12 activity, was determined by monitoring the RuBisCO large chain (RBCL) and bovine serum albumin (BSA) degradation rates. Surprisingly, there was no significant difference between Col and sag12 under HN and LN conditions (Fig. 4) . However, for both genotypes, global proteolytic activity was 2-fold higher in leaves from plants cultivated under LN than in plants cultivated under HN conditions. The strong activity recorded in LN-grown plants was correlated with the appearance in the same samples of a supplemental band in the RBCL area of the stain-free SDS-polyascrylamide gels that could have corresponded to a degradation product. The contribution of the different classes of proteases active at pH 5.5 (in particular cysteine, serine and aspartic proteases) was further monitored in the leaves of Col and sag12 plants grown under HN and LN conditions for 64 DAS (Fig. 5) . For each protease class, the results are expressed relative to Col. Under HN, cysteine protease and serine protease activities were not significantly increased. In contrast, a significant increase of 91 ± 3.44% was observed for aspartate protease activity in sag12 vs. Col. However, for the LN condition where the global protease activity is increased (Fig. 4) , no significant difference was observed between Col and sag12, whatever the class of proteases considered (Fig. 5) . 
Identification of aspartate proteases induced in sag12
The increase in aspartate protease activity in sag12 suggests that some aspartate proteases might compensate for the effect of the SAG12 mutation, especially under HN conditions. Considering this point and the absence of a fluorescent probe to study active aspartate proteases on-gel, zymogram analyses coupled with protein sequencing were undertaken on soluble protein extracts from Col and sag12 plants cultivated under HN conditions for 64 DAS ( Fig. 6A; Supplementary Table S1 ). On zymograms, 10 white areas were revealed for both genotypes (Fig. 6 ) that corresponded to a lack of substrate due to the presence of proteolytic activity. Gel bands corresponding to these areas were cut and sequenced. This allowed us to identify 475 proteins that included 13 different proteases in Col and/or sag12 (Supplementary Table S1 ). Among these 13 proteases, only one was identified as an aspartate protease and was detected only in sag12: AED1 (apoplastic enhanced disease susceptibility-dependent 1) aspartyl protease (Q9LEW3; Fig. 6B ). The AED1 aspartyl protease may have caused the strongest increase in aspartate protease activity in sag12 relative to Col, which is shown in Fig. 5 . The expression of the AED1 aspartyl protease gene (At5g10760) was monitored in order to determine whether it was induced in sag12. The quantitative reverse transcription-PCR (RT-qPCR) results showed that the AED1 gene is overexpressed 3-fold in sag12 compared with Col (Fig. 6C) .
Discussion
Whatever the developmental stage (vegetative stage, bolting stage or final reproductive stage) or nitrogen regime (HN and LN), our results clearly show that the lack of SAG12 protein did not lead to significant differences in shoot and root biomasses (Fig. 1) , in leaf areas or in senescence phenotypes (Fig. 3) . Our analyses then confirm the absence of relevant phenotypical traits in sag12, in agreement with previous studies performed on the same or different sag12 mutant alleles in Arabidopsis (Otegui et al. 2005 , Pružinská et al. 2017 ). Previous work from Singh et al. (2013 Singh et al. ( , 2016 has shown that the two rice isoforms, OsSAG12-1 and OsSAG12-2, act as negative regulators of developmental and stress-induced leaf senescence in rice. The absence of a phenotype for Arabidopsis mutants affected in such a highly induced cysteine protease is intriguing. For each leaf rank, stacked histograms correspond to leaf area split into senescent (yellow) and non-senescent (green) areas. Inserts present the cumulative senescent and non-senescent leaf areas in yellow and green, respectively. All analyses were performed at 64 DAS. Values represent means ± SE for n = 3. Fig. 4 The global proteolytic activities are not different in sag12 and Col leaves. Soluble proteins were extracted from leaves of Col and sag12 plants cultivated under high (HN) or low (LN) nitrogen conditions. Pictures show representative stain-free SDS-PAGE focused on the RuBisCO large chain (RBCL) and BSA bands before (t 0 ) and after 300 min (t 300 ) incubation (pH 5.5; 37 C). Total proteolysis activity in leaves was determined as the difference in the RBCL and BSA amounts (evaluated from the signal intensity on SDS-PAGE) between t 0 and t 300 expressed per hour and per mg of soluble proteins loaded. The soluble proteins originate from leaves that appeared during the first 44 DAS and harvested at 64 DAS from Col and sag12 cultivated in HN (A) and LN (B) conditions. Values are means ± SE, n = 3.
Fig. 5
Aspartic protease activity is increased in sag12 leaves from plants grown under HN. Soluble proteins were extracted from leaves that appeared during the first 44 DAS and harvested at 64 DAS from Col and sag12 plants cultivated under high (HN) or low (LN) nitrogen conditions. Each protein sample was supplemented with BSA and incubated (300 min, 37 C, pH 5.5) with or without a class-specific protease inhibitor (E64 for cysteine proteases, aprotinin for serine proteases, pepstatin A for aspartic proteases). Samples were quantified by ImageLab TM software after separation in a stain-free gel. The protein degradation by each class of proteases was determined as the difference between the amounts of BSA and RuBisCO large chain (RBCL) degraded with and without inhibitor. For each protease class, activity is expressed relative to the wild-type value. Control corresponds to protease activity without inhibitor. Values are means ± SE, n = 3. A significant difference between Col and sag12 (P 0.01, n = 3) is indicated by **.
Indeed, cysteine proteases are the most highly induced proteases during leaf senescence (Buchanan-Wollaston and Ainsworth 1996, Noh and Amasino 1999, Guo et al. 2004) and, among them, SAG12 is the most highly induced in A. thaliana and in Brassica napus (Guo et al. 2004 ). Therefore, SAG12 should play a central role during senescence. As no phenotype can be recorded for sag12, the depletion of its proteolytic activity might be compensated by other protease activities. Such a hypothesis is reinforced by our observation that the global proteolytic activity is not different between both genotypes (Figs. 4, 7) even though a strong expression of SAG12 was observed in Col at this time. In particular, our results showed that the serine and cysteine protease activities were similar between Col and sag12, irrespective of the N conditions (Fig. 5) . These results led us to the conclusion that serine protease activity is not involved in any compensatory mechanisms, and that some cysteine proteases might be induced in sag12 to cope with the lack of SAG12 activity (Fig. 7) . Such a conclusion is consistent with Pružinská et al. (2017) who demonstrated that cysteine proteases play redundant roles in senescing leaves and are able to substitute for each other. Indeed, using pull-downs with specific cysteine protease probes (DCG-04; MV151), the same authors have shown that in the sag12 mutant also used in our study, the cysteine protease profile from sag12 was indistinguishable from that from Col, suggesting that the SAG12 depletion would be compensated by other cysteine proteases.
Nevertheless, the most interesting result is that cysteine protease activity was maintained and aspartate protease activity was significantly and sharply increased in the sag12 mutant when Fig. 6 Identification of the protease activities that increased in the senescent leaves of sag12. The soluble proteins were extracted from the Col and sag12 leaves that appeared during the first 44 DAS and harvested at 64 DAS from plants cultivated under high nitrogen (HN) conditions. (A) Proteolytic activities are revealed by white areas, which correspond to gelatin degradation on the zymogram after Coomassie brilliant blue staining. The white arrows (1-10) indicate the areas that were cut and sequenced (Supplementary Table S1 ). (B) The table indicates the protease with an aspartic-type endopeptidase activity GO that was specifically expressed in sag12. (C) Relative expression of the gene encoding the AED1 aspartyl protease (At5g10760). Means and SE are presented; n = 3, *P 0.05. grown under HN conditions (Fig. 5) . This is strong evidence that SAG12 is a key factor in leaf senescence protein degradation.
The lack of an increase in aspartate protease activity under LN conditions could be because all the proteolytic activities observed were already maximized to cope with the stressful N deficiency conditions imposed, and were required to ensure N remobilization for survival. This hypothesis is supported by the strong increase in the global protease activity observed in Col and sag12 under LN conditions (2-fold higher than in HN conditions). Under such LN conditions, which do not allow an increase in N uptake because nitrate is scarce, both the Col and sag12 mutants already compensate N deprivation by increasing protease activities. This LN-dependent increase probably masks the specific induction of aspartate proteases occurring in sag12. Nevertheless, it seems that in this low N availability, when the seeds rely on remobilizable N as their sole source of nitrogen, N remobilization for grain filling could be negatively affected in sag12 under strong N depletion and could lead to decreases in seed N content and yield (Fig. 2) . This lower N content did not affect the germination kinetics and the final Fig. 7 Hypothetical diagram on the functioning of SAG12 and CND41-like during leaf senescence. During senescence, the expression of the Sag12 gene is induced (Guo et al. 2004) (1) . The SAG12 cysteine protease (CP) shows a signal peptide that could explain its location in the senescenceassociated vacuoles (SAVs; Otegui et al. 2005) (2) . In these SAVs, stromal proteins including RuBisCO were found (Martínez et al. 2008) (3) where they are degraded by CPs including SAG12 (Martínez et al. 2008 , Carrión et al. 2013 4) . In this study, we suggest that SAG12 depletion could be compensated not only by the induction of activity from other CPs, but also by aspartate protease (AP) activity . Among the APs, CND41-like could be important because it was shown to be up-regulated at the gene and protein expression levels and was shown to be expressed during senescence as a proenzyme targeted to the chloroplast (Nakano et al. 1997 , Kato et al. 2005 6) . Because the pH of optimal activity for the CND41-like proenzyme is acidic (Murakami et al. 2000) (7) , it is possible that its subsequent processing and activation to break down RuBisCO (Kato et al. 2004) (8) would require its migration into the SAV or the lytic vacuole via the autophagic pathway using RuBisCO-containing bodies (RCBs) as described for other stromal proteins (Chiba et al. 2003 ) (9) . As shown in this study, in these compartments, APs including CND41-like could co-operate with other proteases (such as SAG12) to degrade RuBisCO during senescence in order to sustain seed production.
germination rates determined at 54 h after sowing, but became detrimental for growth of seedlings cultivated during 10 d under LN condition (794 ± 41 mg vs. 576 ± 42 mg for Col and sag12, respectively) ( Supplementary Fig. S3 ). An investigation into which aspartate proteases were responsible for the global increase in aspartate activity in HN conditions was undertaken. In principle, the reference method could have consisted of identifying proteases after a pull-down assay performed with probes specifically targeting active proteases (Greenbaum et al. 2002 , Pružinská et al. 2017 . Unfortunately, no specific probe is available to target active aspartate proteases via the pull-down method. Therefore, zymograms for protease activities were used instead. Indeed, the demonstration of in gel degradation of gelatin allowed localization of proteolytic activities that can be identified by sequencing. Zymogram profiles were not different between sag12 and Col, reinforcing the compensatory effect hypothesis. Nevertheless, among the proteases differentially accumulated in sag12 and Col (Supplementary Table S1 ), targeted analysis of aspartate proteases has allowed identification of the aspartyl protease AED1 (Q9LEW3), which is specifically accumulated in sag12. The up-regulation (3-fold) of the AED1 (At5g10760) gene in the senescing leaves of sag12 relative to Col (Fig. 6C) reinforced the result of aspartate protease induction in sag12 (Fig. 6A) . Interestingly, the aspartyl protease AED1 (Q9LEW3) belongs to the CND41-like proteins that have been described as senescence-induced proteins in N. tabacum and A. thaliana leaves (Kato et al. 2004 , Winter et al. 2007 , Diaz et al. 2008 ; Supplementary Fig. S2 ). Among the CND41-like proteins, Murakami et al. (2000) have demonstrated that in N. tabacum a proenzyme form of a CND41 paralog is located in the chloroplast. Moreover, some studies have shown that CND41 is activated at acidic pH (Murakami et al. 2000) and is able to degrade RuBisCO (Kato et al. 2004 , Kato et al. 2005 . Taken together, these data suggest that RuBisCO degradation by a CND41-like protease is not possible directly inside the chloroplast and requires that both proteins (CND41-like and RuBisCO) be transferred to acidic compartments such as SAVs and/or the central vacuole (pH 5.5). As proposed in Fig. 7 , CND41-like could migrate from chloroplasts to SAVs as previously demonstrated for other stromal proteins such as RuBisCO (Martínez et al. 2008 , Carrión et al. 2013 , and/or could be released into the central vacuole using RuBisCO-containing bodies (RBCs) or other pathways related to autophagy (Ishida et al. 2008 , Ishida et al. 2014 , Otegui 2018 . Moreover, the study of Kato et al. (2005) showing that a post-translational process is involved in the activation CND41 allows us to suggest that SAG12 and/or other proteases may process CND41-like in SAVs and/or lytic vacuoles to achieve this activation (Fig. 7) .
Altogether, and in light of previous reports examining CND41, our data show that the CND41-like aspartyl protease AED1 is a good candidate to participate in SAG12 substitution during leaf senescence in plants grown under HN conditions. This hypothesis is reinforced by Havé et al. (2018) who showed that in an autophagy mutant (atg5) under LN condition, the two most increased proteins are SAG12 (22.5-fold) and AED1 (3.33-fold). However, because zymograms are not an exhaustive method for protease identification, the induction of other aspartate proteases cannot be excluded, and this may explain the increase in the global aspartate protease activity observed only in HN conditions (Fig. 5) .
Conclusion
This study has shown that during senescence, SAG12 depletion results in an induction not only of other cysteine protease activities but also aspartate protease activities. Among these aspartate proteases, the CND41-like protease AED1 is especially induced to cope with the absence of SAG12 in senescing leaves of Arabidopsis thaliana. By making the link between the present findings and previous studies, a model describing the hypothetical role of SAG12 and CND41-like proteases in senescenceassociated RuBisCO breakdown has been proposed (Fig. 7) . Moreover, for the first time, this study has shown a phenotypical difference between Col and sag12 plants, which was highlighted by decreases in both the seed N content and yield in the sag12 mutant. Such an effect shows that SAG12 is a central protease that certainly co-operates with aspartate proteases (including CND41-like) in RuBisCO degradation during leaf senescence, and participates in the N remobilization that sustains seed production.
Materials and Methods
Plant growth conditions
Arabidopsis thaliana Columbia wild type (Col) and sag12 (SALK_124030) T-DNA mutants were used in this study. Seeds were stratified for 48 h in 0.1% agar (Select agar, Sigma) at 4 C in the dark and then sown onto lids cut from Eppendorf tubes (0.5 ml) and filled with 0.8% agar. Eighty-four plants of each genotype were placed in a glasshouse on a tank containing 10 liters of 3.75 mM NO 3 -nutrient solution [1.25 mM Ca(NO 3 ) 2 Á4H 2 O, 1.25 mM KNO 3 , 0.5mM MgSO 4 , 0.25mM KH 2 PO 4 , 0.2mM EDTA.2NaFeÁ3H 2 O, 14 mM H 3 BO 3 , 5 mM MnSO 4 , 3 mM ZnSO 4 , 0.7 mM (NH 4 ) 6 Mo 7 O 24 , 0.7 mM CuSO 4 , 0.1 mM CoCl 2 ] renewed every week for 44 d. At 44 DAS, plants were transferred to one of two contrasting N conditions: HN (3.75 mM N) and LN (4.2 mM N). Photosynthetic photon flux density was 110 mmol m -2 s -1 , and day and night temperatures were 21 and 18 C, respectively. During the first 64 DAS, plants were cultivated with an 8 h light/16 h dark photoperiod and then the reproductive stage was induced with a 16 h light/8 h dark photoperiod.
Measurement of plant biomass, leaf area and nitrogen content
At 44, 64 DAS (vegetative stage) and 125 DAS (reproductive stage) plants were harvested: a portion of the shoot and root tissues was frozen in liquid nitrogen and stored at -80 C for further biochemical analysis, the remaining portions being placed in an oven (60 C, 4 d) before dry biomass weight determination. In addition, at 64 DAS, leaf ranks were separated and imaged (Canon Powershot G10, Canon, 14.8 Mpx, JPEG) to determine leaf areas. Image analysis was performed with a specific script developed for ImageJ software (Schneider et al. 2012) . The total areas, as well as the green area (considered non-senescent), were determined with color detection based on the HUE component of the Hue-Saturation-Lightness (HSL) system. The senescent leaf area was obtained from the difference between the total leaf area and the green area.
At 125 DAS, the thousand-seed weight was determined and harvest index was calculated as the seed biomass produced per 1 g of plant tissue. N content was quantified in the whole plant and seeds samples with an elemental analyser (EA3000, EuroVector). The nitrogen harvest index (%) was calculated using the following formula:
Nitrogen harvest index ð%Þ ¼ Seed Nitrogen amount Whole plant Nitrogen amount Â 100
Determination of germination tests and seedling growth
Germination kinetics were determined for seeds from Col and sag12 plants cultivated under LN conditions. Seeds were stratified during 48 h in 0.1% agar (Select agar, Sigma) at 4 C in the dark. Fifty mature seeds of each genotype were sown on three layers of Whatman filter paper soaked with 16 ml of sterile water in Petri dishes (12Â12 cm). The Petri dishes were then closed and placed in a growth chamber at 20 C and 70% relative humidity. Seeds that show a completed radicle protrusion through the seed coat were considered as germinated. To monitor seedling growth, sag12 and Col seeds were sown on water supplemented with agar (0.7%, w/v) and, using a micro-scale (MSA 6.6, Sartorius), seedling fresh weight was determined at 10 DAS.
Extraction and quantification of soluble proteins
Soluble proteins were extracted from 200 mg of frozen fresh leaf tissue ground in a mortar with 500 ml of citrate-phosphate buffer [20 mM citrate, 160 mM phosphate, pH 6.8 containing 50 mg of polyvinylpolypyrrolidone (PVPP)]. For active protease profiling, citrate-phosphate buffer was replaced by 500 ml of of deionized water according to Poret et al. (2016) . After centrifugation (1 h, 12,000Âg, 4 C), the concentration of the soluble protein extract was determined in the supernatant by protein staining (Bradford 1976) using BSA as standard.
Determination of proteolytic activities
Proteolytic activities were determined by in vitro protein degradation analysis adapted from Girondé et al. (2015) . Exogenous (BSA) and endogenous (RBCL) proteins were used as targets of proteolysis at pH 5.5. For this, 20 mg of soluble proteins were incubated in a 200 ml reaction volume containing sodium-acetate buffer (50 mM, pH 5.5) and 10 mg of BSA. Protease class activities (PC act ) were obtained by the addition of 50 mM of a protease class-specific inhibitor in dimethylsulfoxide (DMSO): E-64 (cysteine protease), aprotinin (serine protease) and pepstatin A (aspartate protease). Furthermore, 2 mM dithiothreitol (DTT) was added to this mixture to study cysteine proteases, and total protease activity (TP act ) was obtained by substituting inhibitors with an equal volume of DMSO. Then, proteins were precipitated with 1 ml of ice-cold acetone either immediately (t 0 ), or after incubation for 300 min (t 300 ) at 37 C under gentle agitation. The pellet obtained after centrifugation (15 min, 16,000Âg, 4 C) was dissolved in 2Â SDS-PAGE gel loading buffer (140 mM SDS, 200 mM Tris, 20% glycerol, 5% b-mercaptoethanol, 0.3 mM bromophenol blue) and heated at 90 C for 10 min. Then the soluble protein extracts were separated on a 4-15 % gradient in SDS-PAGE pre-cast Stainfree gels (Mini-PROTEAN Õ TGXTM Stain Free, Bio-Rad) and scanned under UV light with a Gel Doc TM EZ scanner (Bio-Rad). The proteolytic activities were calculated as follows.
(i) Total protease activity (TP act expressed in mg (BSA + RBCL) h -1 mg -1 total proteins):
(ii) Protease class activity (PC act expressed in mg (BSA + RBCL) h -1 mg -1 total proteins):
where the amount of RBCL plus BSA [Q (BSA + RBCL) ] at t 0 and t 300 , with (Inhib.) or without inhibitor, as well as the total amount of soluble proteins (Q tot ) at t 0 were quantified by using ImageLab TM software (Bio-Rad).
Detection of proteolytic activities by zymograms
Determination of in vitro proteolytic activities was performed as reported by Dominguez and Cejudo (1996) . Soluble proteins were extracted from leaves of plants cultivated in HN conditions for 44 DAS, and three replicates per genotype were pooled. A 75 mg aliquot of each protein pool in 2Â Laemmli sample buffer (Laemmli 1970) were separated by 10% SDS-PAGE with 0.1% gelatin. After 45 min in 25 ml of 25% (v/v) 2-propanol and subsequent rinsing with water, the gel was incubated at 30 C for 16 h in a solution of 100 mM sodium-acetate buffer pH 5 containing 10 mM DTT. The gel was stained with 0.25% Coomassie R-250 blue. After gentle bleaching with a solution containing 50% methanol and 10% acetic acid (v/v), the proteolytic activities appearing as white areas on the blue gel were excised for protein identification.
Proteins identified by quantitative time of flight liquid chromatography/mass spectrometry (Q-TOF LC/MS) Excised spots were washed several times with water and dried. After reduction and alkylation, trypsin digestion was performed overnight with a dedicated automated system (MultiPROBE II, PerkinElmer). The gel fragments were subsequently incubated twice for 15 min in a CH 3 CN solution and once for 15 min in a 0.1% trifluoroacetic acid solution to allow extraction of peptides from the gel pieces. Peptide extracts were then dried and dissolved in starting buffer for chromatographic elution, consisting of 3% CH 3 CN and 0.1% HCOOH in water. Peptides were enriched, separated and analyzed using a 6,520 Accurate-Mass Q-TOF LC/MS equipped with an HPLC-chip cube interface (Agilent Technologies). The fragmentation data were interpreted using Mass Hunter software (version B.06.00, Agilent Technologies). For protein identification, MS/ MS peak lists were extracted, converted into mzdata.xml format files and compared with the protein database using the MASCOT Daemon (version 2.6.0; Matrix Science) search engine. The searches were performed with no fixed modification but with various modifications for oxidation of methionines, the carbamidomethylation and carboxymethylation of cysteines, and for pyroglutamate (Nter Q and E), and with a maximum of two missed cleavages. MS/ MS spectra were searched with a mass tolerance of 20 p.p.m. for precursor ions and 0.6 Da for MS/MS fragments. Only peptides matching an individual ion score >24 were considered. Proteins with two or more peptides matching the protein sequence were automatically considered as a positive identification. Among all the proteins identified (Supplementary Table S1 ), only those with a Gene Ontology (GO) related to aspartate protease activity were selected and discussed in this study.
Western blot of SAG12 protein
A 20 mg aliquot of proteins extracted with sodium-phosphate buffer containing PVPP were denatured by heating at 90 C for 10 min in 2Â Laemmli sample buffer with b-mercaptoethanol (Laemmli 1970) . Proteins were separated on an SDS-PAGE pre-cast stain-free gel (4-15% acrylamide gradient; Mini-PROTEAN Õ TGXTM Stain Free, Bio-Rad) and transferred onto a polyvinylidene difluoride (PVDF) membrane as described by Desclos et al. (2008) . The PVDF membrane was incubated overnight in Tris-buffered saline-Tween-20 [TBST; 10 mM Tris, 150 mM NaCl, 0.15% (v/v) Tween-20, pH 8] with 5% (v/v) skimmed milk to avoid non-specific hybridization. Immunodetection of SAG12 was performed using specific polyclonal antibodies from rabbits provided by Agrisera Õ [1/4,000 in TBST containing 5% milk (v/v)] as the primary antibody and a second antibody coupled with peroxidase (1/10,000 diluted in TBST without milk, Bio-Rad Õ ). Chemiluminescence (ECL kit, Bio-Rad Õ ) was measured by using a ProXPRESS 2D proteomic Imaging System (PerkinElmer).
Extraction and quantification of RNAs and reverse transcription
Total RNAs were extracted from 200 mg of frozen leaf tissue previously ground in a mortar containing liquid nitrogen. The powder was suspended in 750 ml of extraction buffer [100 mM LiCl, 100 mM Tris, 10 mM EDTA, 1% SDS (w/v), pH 8] and 750 ml of hot phenol (80 C, pH 4). After vortexing for 40 s and after addition of 750 ml of chloroform:isoamylalcohol (24:1, v/v), the homogenate was centrifuged (15,000Âg, 5 min, 4 C). The supernatant was added to 750 ml of 4 M LiCl solution (w/v) and incubated overnight at 4 C. After centrifugation at 15,000Âg for 20 min at 4 C, the pellet containing total RNAs was resuspended with 100 ml of sterile water. Then, total RNAs were purified with an RNeasy Mini Kit according to the manufacturer's protocol (Qiagen). Quantification of total RNA was performed by spectrophotometry at 260 nm (BioPhotometer, Eppendorf) before reverse transcription. For reverse transcription, 1 mg of total RNAs was converted to cDNA with an iScript cDNA synthesis kit according to the manufacturer's protocol (Bio-Rad) before PCR analyses.
PCR and Q-PCR analyses
Expression of the Sag12 and 18S rRNA genes was analysed by PCR using 1 ml of cDNA added to 1Â PCR buffer (5 U ml -1 ), 250 mM of dNTPs, 0.65 mM of forward and reverse primers and 0.5 mM Qbiogene Taq polymerase (MP Biomedicals). The following primers were designed with primer 3+ software: Sag12 (target gene), forward 5 0 -GGCAGTGGCACACCAMCCGGTTAG-3 0 ; and reverse 5 0 -AG AAGCMTTCATGGCAAGACCAC-3 0 ; and 18S rRNA (housekeeping gene), forward 5 0 -CGGATAACCGTAGTAATTCTAG-3 0 ; and reverse 5 0 -GTACTCATTCCA ATTACCAGAC-3 0 . PCR amplifications were performed in a thermocycler (Applied Biosystems) using the following program: one cycle at 95 C for 5 min, 20 and 18 cycles for Sag12 and 18S rRNA including a denaturing step at 95 C for 30 s, a primer hybridization step at 58 C for 45 s and an amplification step at 72 C for 1 min. Each PCR was finished with one cycle at 72 C for 10 min. The identity of each amplicon was checked by sequencing and BLAST analysis. PCR products were separated by electrophoresis on agarose gels [1.2% in 1Â TAE with 5 mg ml -1 of ethidium bromide (BET)] and revealed by illumination with UV light using a Gel-Doc TM EZ Scanner (Bio-Rad).
AED1 gene expression (At5g10760) was performed by using RT-qPCR analysis with 4 ml of 100Â diluted reverse transcription product, 500 nM of forward and reverse primers and 1Â SYBR Green PCR Master Mix (Bio-Rad) in a realtime thermocycler (CFX96 Real Time System, Bio-Rad). The three step program comprised an activation step at 95 C for 3 min and 40 cycles of a denaturing step at 95 C for 15 s followed by an annealing and extension step at 60 C for 40 s. Q-PCR amplifications were performed using specific primers for each housekeeping gene (EF1-, forward 5 0 -GCCTGGTATGGTTGTGACCT-3 0 ; reverse 5 0 -G AAGTTAGCAGCACCCTTGG-3 0 ; 18S rRNA, forward 5 0 -CGGATAACCGTAGTA ATTCTAG-3 0 ; reverse 5 0 -GTACTCATTCCAATTACCAGAC-3 0 ) and target genes (AED1, forward 5 0 -CATCAGAGTTCGTTAGGGTA-3 0 ; reverse 5 0 -CTCGTGCTCA TCTCCAAT-3 0 ). For each pair of primers, the PCR efficiency was around 100% and a threshold value was determined. The specificity of PCR amplification was examined by monitoring the presence of the single peak in the melting curves after RT-qPCRs and by sequencing the RT-qPCR product (Eurofins). For each sample, the subsequent RT-qPCRs were performed in triplicate. The expression of the target gene in each sample was compared with the control sample (Col) and was calculated with the delta delta Ct (ÁÁCt) method using the following equation: relative expression = 2 -ÁÁCt , with ÁÁCt = ÁCt sample -ÁCt control and with ÁCt = Ct target gene -Ct housekeeping gene (for calculations, the geometric mean was considered between the Ct of the housekeeping genes), where Ct refers to the threshold cycle determined for each gene in the exponential phase of PCR amplification. Using this analysis method, relative expression of the target gene in the control sample (Col) was equal to one (Livak and Schmittgen 2001) , and the relative expression of other treatments was then compared with the control.
Statistical analysis
For all parameters, at least three biological repeats were measured (n ! 3). All the data are presented as the mean ± SE. To compare Col with sag12 data, Student's t-tests were performed after verifying compliance of normality with R software. Statistical significance was postulated at P 0.05.
Supplementary Data
Supplementary data are available at PCP online. 
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